We evaluated the association of blood monocyte and platelet activation markers with the risk of peripheral artery disease (PAD) in a multicenter study of atherosclerosis among African American and Caucasian patients. Flow cytometric analysis of blood cells was performed in 1791 participants (209 cases with PAD and 1582 noncases) from the cross-sectional Atherosclerosis Risk in Communities Carotid Magnetic Resonance Imaging ([MRI] ARIC Carotid MRI) Study to assess platelet glycoproteins IIb and IIIa, P-selectin, CD40 ligand, plateletÀleukocyte aggregates, monocyte lipopolysaccharide receptor, toll-like receptors (TLRs) 2 and 4, P-selectin glycoprotein ligand 1, cyclooxygenase 2, and myeloperoxidase. Multivariate regression analyses evaluated the association of cellular markers with the risk of PAD. After adjusting for age, race, and gender, platelet CD40L, and monocyte myeloperoxidase (mMPO) levels were significantly lower (P < .001), and monocyte TLR-4 levels were higher (P ¼ .03) in patients with PAD. With additional adjustments for conventional risk factors, mMPO remained inversely and independently associated with the risk of PAD (odds ratio [OR]: 0.35, P ¼ .01).
Introduction
Peripheral arterial disease (PAD) is caused by progressive atherosclerosis which occludes the arterial lumen with consequent ischemic tissue injury and severe clinical complications such as claudication and ulceration. 1 Evidence from recent studies has established atherosclerosis as an inflammatory disorder. 2, 3 Atherosclerotic lesions are promoted by immune and inflammatory cells, notably lymphocytes and monocytes, that transmigrate into the arterial wall from circulating blood, as well as proinflammatory mediators and reactive oxygen species generated by blood and vascular cells. 4 Although it is now established that leukocytes transmigrated from blood play an essential role in atherosclerosis, it remains uncertain whether blood cell function in the circulating blood is associated with atherosclerosis. Recent reports revealed a significant association of total white blood cell count with PAD and other atherosclerotic disorders. 5, 6 Limited data on these processes are available from population-based studies, mostly due to the complex measurement methodology. We postulated that blood platelet and monocyte activation and proinflammatory molecules are associated with the risk of PAD. To test this hypothesis, we examined the association between platelet and monocyte activation and proinflammatory markers, and cell aggregates, and the case status of PAD by flow cytometry using data from the Atherosclerosis Risk in Communities Carotid Magnetic Resonance Imaging (ARIC Carotid MRI) Study.
Material and Methods

Study Population
The ARIC study is a multicenter, cohort study of atherosclerosis among African American and Caucasian men and women from 4 US communities. 7 The baseline examination was conducted from 1986 to 1989, and cohort members were reexamined triannually over 9 years. The ARIC Carotid MRI study, which consisted of 2066 participants enrolled in 2005-2006 from the ARIC cohort, was designed to further improve our understanding of cellular factors and their association with atheromatous plaques. 8 Ankle and brachial systolic blood pressures were measured bilaterally using a standardized protocol. Pheripheral arterial disease was defined by a presence of reduced ankleÀbrachial blood pressure index (ABI) lower than 0.9. For this investigation, 1791 participants were available for analysis after excluding those with missing measures, resulting in 209 cases with PAD and 1582 noncases.
Flow Cytometry Measurements
We used whole blood flow cytometry (Coulter Epics XL, Beckman Coulter, Inc., Miami, FL) to measure platelet and monocyte antigen levels and plateletÀleukocyte aggregates. 9 Blood samples were collected in Cyto-Chex BCT vacutainer tubes (Streck, Omaha, Nebraska) containing EDTA and a cell membrane stabilizer for blood cells. 10 They were shipped to the central laboratory by overnight courier, and samples were analyzed immediately after arrival. We measured the following markers: platelet CD41 (glycoprotein [GP]-IIb), CD61 (GPIIIa), CD62P (P-selectin), and CD154 (CD40L); monocyte CD14 (lipopolysaccharide [LPS] receptor), CD162 (Pselectin glycoprotein ligand 1 or PSGL-1), toll-like receptor 2 (TLR-2; CD242), TLR-4 (CD244), cyclooxygenase 2 (COX-2), myeloperoxidase (MPO), leukocyte CD45, and cell aggregates including plateletÀmonocyte, plateletÀlymphocyte, and plateletÀneutrophil aggregates (PMA, PLA, and PNA, respectively). Data are presented as proportion of cells expressing the antigen (%) and/or the relative level of antigen expression assessed by median fluorescent intensity (MFI). For cells expressing more than 90% of the antigen, only the MFI is reported.
Statistical Analysis
For all analyses, data were weighted by the inverse to reflect the population estimates using SAS callable SUDAAN software, version 9.0.1 (RTI, Research Triangle Park, North Carolina) to account for the complex survey design of the ARIC Carotid MRI Study. Bivariate relationships were explored by comparing simple or adjusted means or proportions between groups using the REGRESS procedure for continuous variables and the RLOGIST procedure for categorical variables (SUDAAN, Research Triangle Institute (RTI), Research Triangle Park, NC). Multivariate logistic regression models were used to assess independent associations of cellular markers with PAD status after adjustments for age, race, and gender (model 1), or additionally adjusted for diabetes, waist-to-hip ratio, total cholesterol, high-density lipoprotein (HDL), C-reactive protein (CRP), smoking status, hypertension, and lipid-lowering medication use (model 2). Odds ratios (OR) for PAD were estimated by contrasting the highest versus the lowest tertile of cellular markers. For racespecific analyses, the entire sample was used to obtain unbiased standard error estimates in each of the race subgroups.
Results
Comparison of Platelet and Monocyte Markers Between Cases With PAD and Noncases
Of the 2066 ARIC cohort members who participated in the Carotid MRI Study, 275 were excluded from the present analysis because data were missing on PAD (n ¼ 192) or cellular markers (n ¼ 83). Of the 1791 remaining, 209 (11.7%) were classified as patients with PAD. Table 1 shows the demographic and cardiovascular risk factor characteristics by the case status of PAD. Consistent with previous reports, a number of conventional risk factors such as age, race, current smoking, body mass index (BMI), waist-to-hip ratio, blood pressure, and CRP levels were positively associated, while HDL cholesterol and alcohol intake were negatively associated with PAD. A higher proportion of cases with PAD versus noncases were hypertensive, diabetic, current smokers, or took lipid-lowering or antihypertensive medications. Plasma levels of total cholesterol and low-density lipoprotein (LDL) cholesterol were not significantly associated with PAD. The estimated glomerular filtration rate (eGFR) was lower in cases with PAD compared with noncases (P ¼ .011).
When the mean MPO values were analyzed by level of renal disease as determined by eGFR (normal, mild, moderate, severe) using standard cut points there appeared to be clear linear relationship between MPO and renal function ( Table 2 ). The test of linear relationship across GFR level (decreasing MPO with increasing renal dysfunction) is P ¼ .002.
A selective list of platelet and monocyte markers assessed by flow cytometry is shown in Table 3 by the case status PAD. Relative to noncases, participants with PAD had significantly higher MFI values for platelet CD61 and significantly lower values for platelet CD40L. Among the leukocyte markers, lymphocyte PSGL-1 values were higher in cases with PAD, while monocyte TLR-2 and MPO were lower in cases with PAD versus noncases. There were no significant differences in cell aggregates between cases with PAD and noncases. As shown in Table 4 , MFI values for platelet CD40L and monocyte MPO (mMPO) remained significantly lower and percentages of monocyte TLR-4 higher in cases with PAD than noncases after adjustment for age, race, and gender. With additional adjustment for conventional risk factors, the association of platelet CD40L and PAD was attenuated and borderline nonsignificant (P ¼ .06), while the mMPO associations remained significant. CD61 was no longer significantly associated with PAD in the adjusted models.
Odds Ratios of PAD by mMPO Tertiles
A major finding from analysis was the significant inverse association of mMPO with PAD case status. We further explored the associations by comparing the odds of PAD across tertiles of mMPO. Examining risk factors prevalence across the mMPO tertiles showed that age and prevalence of cigarette smoking declined as mMPO tertiles increased, while BMI and LDL-cholesterol were positively associated with mMPO tertiles (data not shown). Individuals in the middle and upper tertiles of mMPO were at lower risk of PAD than were individuals in the lowest tertile ( Figure 1A ). After adjustment for demographic variables and risk factors (model 2), the OR for PAD comparing the highest to the lowest tertile of mMPO was 0.45 (P ¼ .002). Race-specific results given in Table 5 suggest that the negative association of mMPO tertile with PAD risk may be stronger in whites than blacks. After adjusting for age, race, gender, and other risk factors, the ORs for PAD comparing the highest to the lowest tertile of mMPO was 0.35 (P ¼ .01), while the comparable ORs among blacks was 0.55 (P ¼ .08). We further explored the associations between monocyte TLR-4 and PAD case status by comparing the odds of PAD across tertiles of monocyte TLR-4 (%). After adjustment for age, race, and gender, higher TLR-4 tertile was associated with increased risk of PAD with an OR of 1.70 for the highest versus the lowest tertile (P ¼ .03; Figure 1B , model 1). After further adjustment for risk factors, the association of TLR-4 with PAD was attenuated and no longer significant (OR ¼ 1.52, P ¼ .06) ( Figure 1B, model 2) . Race-specific analyses showed that the association between monocyte TLR-4 and risk of PAD was stronger in whites than blacks (OR for comparison of highest vs lowest tertile: 
Discussion
The aim of this study was to assess the relationship between various cell markers expressed by circulating blood platelets and monocytes and PAD in participants of the ARIC Carotid MRI study. A major finding was that monocyte enzyme MPO is inversely and independently associated with risk of PAD. Monocytic intracellular MPO levels were significantly lower in PAD cases vs noncases, and the ORs for PAD of mMPO in the upper tertile were significantly reduced (*0.5) compared to those in the lower tertile. The inverse relationship between mMPO content and prevalence of PAD in our study may be explained by release and depletion of mMPO during monocyte activation. 11 This possible explanation is supported by reports that plasma MPO levels are increased in patients with coronary heart disease and are associated with increased risk of major cardiac events. 12, 13 This notion is further strengthened by reports that humans with MPO deficiency or reduced MPO expression have reduced risk of cardiovascular diseases. 14 Interestingly, Zhang et al 12 found a positive association of leukocyte MPO content and coronary artery disease, while our study reports an inverse association of the intracellular mMPO and PAD. The reasons for this are not clear, but many differences between the 2 studies probably contributed to it. Namely, Zhang et al used multiple steps and procedures to isolate neutrophils from whole blood by centrifugation, which were then subjected to cell lyses, freezing, thawing, and then to an enzyme-linked immunosorbent assay (ELISA) which uses polyclonal antibody to MPO. The MPO was expressed per milligram of total cell proteins. In our study, monocytes were analyzed directly in whole blood, without centrifugation steps which are known to contribute to loss of some cells, and mMPO was expressed as the median MPO content per single cell. Monocyte MPO was quantified by a direct immunostaining with a specific monoclonal antibody raised against purified human MPO and directly conjugated to FITC; it has been optimized to recognize the human intracellular MPO in whole blood samples. It is likely that the 2 antibodies (a polyclonal used in ELISA and monoclonal in our flow cytometry) recognize different epitopes at the MPO molecule.
Macrophage MPO has been detected in human atherosclerotic lesions and considered to play an important role in tissue inflammation and injury. 15 It was recently reported that MPO-positive neutrophils accumulate in mice with atherosclerotic lesions. 16 However, MPO data from murine experiments should be interpreted with caution as differences between human and murine MPO expression in leukocytes exist. 17 Myeloperoxidase is a member of the heme peroxidase superfamily. It constitutes about 5% of human neutrophil protein and catalyzes the conversion of hydrogen peroxide (H 2 O 2 ) to hypochlorous acid (HOCl). Upon activation, neutrophils secrete large quantities of MPO which produces HOCl that reacts with plasma constituents such as LDL, HDL, and endothelial cells to promote atherosclerosis and other forms of vascular diseases. The MPO content in circulating monocytes is lower than that in neutrophils and has been reported to constitute about 1% of monocyte proteins. 18 Our results suggest that MPO in human monocytes is about 10% of that in neutrophils (data not shown). Prior results on the association of neutrophil MPO content with PAD are controversial. Brevetti et al 19 reported a reduced neutrophil MPO content in patients with coronary artery disease having PAD compared to those without PAD. Monaco et al 20 evaluated inflammatory and prothrombotic markers in hospitalized patients with unstable angina (UA) and PAD and found neutrophil activation, as assessed by its intracellular content of myeloperoxidase (using a different methodology), was only observed in UA but not in patients with PAD, suggesting that atheroma burden is less related to neutrophil MPO content than systemic inflammation in UA. In the study by Buffon et al 11 intra-leukocyte MPO staining using a hematologic analyzer was assessed in participants with stable and unstable coronary artery disease sampled at both the coronary artery and the cardiac vein, allowing for evaluation of a ''transcoronary inflammation gradient'' across inflamed vascular bed in unstable. These studies supported widespread activation of neutrophils across the coronary vascular bed in patients with UA, indicating that patients with more ''vulnerable plaque'' show greater reduction in leukocyte MPO content.
To our best knowledge, the association of mMPO content with PAD has not been previously reported. The flow cytometry assay allows for measuring intracellular MPO content in individual cells independent of the total white blood cell count which is a major factor affecting measurements of serum MPO levels. Our data thus provide novel information concerning the role of mMPO in PAD. Whether these markers relate to incident adverse events is an important question. The ARIC will eventually try to address this question but currently the sample size, and therefore the number of incident adverse events is too low, to address it yet.
It is well recognized that monocytes play a key role in atherogenesis. They transmigrate the endothelium to enter the vascular wall where they mediate inflammation and generate foam cells. The National Health and Nutrition Examination Survey study reported that monocytes are the only leukocyte subtype significantly associated with PAD. 21 A previous report suggested the proinflammatory potential of monocytes in an in vitro model was higher in patients with PAD than in controls. 22 Our data provide a more direct evidence for an association of circulating blood monocyte activation with PAD risk.
Blood monocyte activation may be triggered by diverse agents such as LPS, other microbial products, as well as CD40 ligand and P-selectin. Stimulating agents activate monocytes by interacting with specific receptors on the monocyte surface. We analyzed the association with PAD of monocyte TLR-4 and CD14, receptors for LPS; TLR-2, receptor for other bacterial products; and PSGL-1, receptors for P-selectin. We also included platelet P-selectin, ligand of PSGL-1 and platelet CD40L, and ligand of CD40 in this association study. After adjustment for age, gender, and race, monocyte TLR-4 was significantly associated with PAD risk. However, the association became insignificant after additional adjustment for cardiovascular risk factors, suggesting that association is explained by confounding factors.
Previous studies have demonstrated that TLR-4 expression is upregulated in human atherosclerotic plaques and in animal models. 23, 24 Furthermore, TLR-4 together with CD14 polymorphisms synergistically influences atherosclerosis in patients with PAD. 25 Thus, circulating monocyte TLR-4 is an important player not only in atherosclerotic progression but also in atherogenesis.
Platelet activation results in secretion of CD40L and P-selectin. CD40L interacts with CD40 on monocytes and transmits signals to activate monocytes and has been shown to play an important role in atherosclerosis. 26, 27 P-selectin mediates leukocyte transmigration into the vessel wall and interacts with PSGL-1 to activate monocyte. Furthermore, P-selectin is involved in platelet aggregate formation. Analysis by flow cytometry in this study showed that cases with PAD had significantly lower levels of CD40L than noncases although after adjustments for traditional risk factors it had borderline significance (P ¼ .06). Platelet CD40L correlated with P-selectin, and both activation markers showed an inverse correlation with the percentage of single, nonactivated platelets (r ¼ À.30 and À.27, respectively), indicating increased platelet activation. On the other hand, it is possible that lower platelet CD40L expression in PAD may be attributed to its engagement to plateletÀleukocyte aggregate formation (through CD40-CD40L interactions).
In our study, plateletÀleukocyte complexes were not associated with PAD. Several studies reported platelet hyperreactivity and elevation, while others reported lower platelet P-selectin in patients with PAD compared to controls. [28] [29] [30] The differences may be explained by differences in patient selection and study design. Interestingly, when data were analyzed by ethnic origin, and after adjusting for traditional risk factors, the magnitude of the association between mMPO and PAD risk was stronger in whites than blacks. This observation deserves further investigation because PAD is less prevalent in Caucasians than African Americans. 31 It also may be due to the relatively small sample size for African Americans.
This study has potential limitations. The cross-sectional design allows us to estimate the associations reported herein but not to establish cause and effect relations. Thus, based on biologic and mechanistic plausibility, our results suggest a pathogenic role of selected cellular markers but do not establish their antecedent role. Similarly, since genetic and environmental variations modulate MPO expression, we cannot exclude the effect of either source of variability, nor apportion the role of either, in the observed mMPO levels. Genetic studies are underway in the ARIC Carotid MRI participants. A drawback of our study is that we did not collect data to distinguish whether participants with low ABI were symptomatic or not. Since they were outpatients who could come to an examination center and were detected as having PAD by ABI screening, we presume most were asymptomatic. Monaco and others 19, 20 have suggested that unstable vascular disease results in the depletion of leukocyte MPO content. Therefore, our pooling for this study of symptomatic (presumably unstable) and nonsymptomatic patients with low ABI may have diluted the observed association of mMPO with PAD. A final limitation is that we only had a single measurement of cellular markers and although most of the measurements have good reliability, 8 measurement error would tend to weaken observed association.
In conclusion, the results of this study demonstrate that monocyte activation is associated with PAD and suggest that they play roles in the pathogenesis of atherosclerosis as indexed by PAD. Our results also provide strong support for a role of MPO as a PAD risk factor, particularly in Caucasians. 
